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ArabidopsisThe PsbS protein is recognised in higher plants as an important component in dissipating excess light energy
via its regulation of non-photochemical quenching. We investigated photosynthetic responses in the
arabidopsis npq4 mutant, which lacks PsbS, and in a mutant over-expressing PsbS (oePsbS). Growth under
low light led to npq4 and wild-type plants being visibly indistinguishable, but induced a phenotype in oePsbS
plants, which were smaller and had shorter ﬂowering spikes. Here we report that chloroplasts from npq4
generated more singlet oxygen (1O2) than those from oePsbS. This accompanied a higher extent of photosys-
tem II photoinhibition of leaves from npq4 plants. In contrast, oePsbS was more damaged by high light than
npq4 and the wild-type at the level of photosystem I. The plastoquinone pool, as measured by thermolumi-
nescence, was more oxidised in the oePsbS than in npq4, whilst the amount of photo-oxidisable P700, as
probed with actinic light or saturating ﬂashes, was higher in oePsbS compared to wild-type and npq4.
Taken together, this indicates that the level of PsbS has a regulatory role in cyclic electron ﬂow. Overall, we
show that under high light oePsbS plants were more protected from 1O2 at the level of photosystem II,
whereas lack of cyclic electron ﬂow rendered them susceptible to damage at photosystem I. Cyclic electron
ﬂow is concluded to be essential for protecting photosystem I from high light stress.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
When plants are exposed to light intensities which are higher than
needed to saturate photosynthetic electron transport, light-induced
damage of the photosystems occurs [1,2]. Plants have developed sev-
eral regulation mechanisms to reduce photoinhibitory damage. These
include short-term processes that modulate the structure and func-
tion of antenna complexes, including non-photochemical quenching
(NPQ), alternative electron transport pathways and movement of
chloroplasts, leaves and whole organisms away from intense light
[3,4]. Dissipation of excess light energy to heat in the antenna or in
the reaction centre of photosystem II (PSII) can be monitored by mea-
suring the NPQ of chlorophyll ﬂuorescence [5,6]. The major compo-
nent of NPQ, qE, depends on the formation of a transmembrane
proton gradient (ΔpH). In higher plants the protonated form of the
protein PsbS participates in the formation of qE [7,8]. In the absenceaximum chlorophyll ﬂuores-
ble chlorophyll ﬂuorescence sig-
ical quenching; P700, primary
B, the secondary quinone accep-
3, oxidation states of the oxygen
2, 91191 Gif-sur-Yvette Cedex,
er-Liszkay).
l rights reserved.of PsbS, the same extent of qE can be obtained at lower luminal pH
values, indicating that whilst PsbS is not essential for inducing qE it
is required to shift the pK of qE to physiologically attainable levels
of lumen pH [9].
The ΔpH is mainly generated by linear electron transport, which
involves the oxidation of water at the oxygen-evolving complex of
PSII and the transfer of electrons to NADP+ via the cytochrome b6f
complex and photosystem I (PSI). In addition, cyclic electron ﬂow
from PSI back to the cytochrome b6f complex can also contribute to
the formation or maintenance of the ΔpH. Cyclic electron ﬂow
operates via two different routes, one involving a plastoquinone
reductase which is homologous to the mitochondrial complex I, the
so-called NDH complex, and another one via a putative ferredoxin-
quinone reductase, feeding electrons directly into the cytochrome b6f
complex (for a recent review see [10]). The second pathway is affected
in the pgr5 [11] and pgrl1 mutants [12]. A supercomplex composed of
PSI, cytochrome b6f complex, ferredoxin-NADPH oxidoreductase and
PGRL1 has been isolated from Chlamydomonas [13], but not yet from
higher plants. Regulation of electron transport via the ΔpH not only
affords protection of PSII by qE, but also regulates electron ﬂow through
the cytochrome b6f complex [14], thereby protecting PSI against
photoinhibition [1,11,15].
It is generally accepted that qE, as induced by ΔpH, is an important
mechanism regulating excess excitation pressure, which lowers the
susceptibility of PSII to photoinhibition. For example, the PsbS-lacking
npq4mutant was more susceptible to photoinhibition and had reduced
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Moreover, a greater rate of photoinhibition has also been observed in
npq4 over wt when plants were shifted to continuous high light illumi-
nation [17,18]. These results could be explained by qE modulating the
yield of 1O2 production, a reactive oxygen species that triggers PSII
photodamage, but until now the inﬂuence of qE on 1O2 generation has
not been measured. There is a debate in the literature as to whether 1O2
damages PSII directly or indirectly via inhibiting protein synthesis and
repair of the D1 protein of PSII [2,19,20]. Furthermore, the mechanism
of photoprotection by PsbS has recently been questioned by Takahasi
and coworkers [15], who observed no difference in the photoinhibition
ofnpq4 andwt in the presence of chloramphenicol, an inhibitor ofD1 syn-
thesis. As the npq4mutant is expected to producemore 1O2 in the light it
makes an interesting tool to distinguish between the two proposed
actions of 1O2-mediated photoinhibition. Moreover, other protective
mechanisms that down-regulate photosynthetic electron transport,
such as an enhanced formation of the ΔpH via cyclic ﬂow, may be more
important in npq4 to counteract the lack of PsbS.
In the present study, we investigatedwhether a higher yield of 1O2 in
npq4 led to higher photodamage of PSII. We followed the light-induced
generation of 1O2 in intact chloroplasts of wt, npq4 and oePsbS by EPR
spectroscopy using the spin probe TEMPD-HCl. The role of ΔpH in
protecting from 1O2 production in wt and oePsbS chloroplasts, as mea-
sured by spin trapping, was conﬁrmed bymeasurements in the presence
of an uncoupler.We investigated the susceptibility of PSII to high light by
measuring the loss of variable ﬂuorescence in leaves of wt, npq4 and
oePsbS in the presence or absence of the inhibitor lincomycin. Thermolu-
minescence measurements showed that the PQ pool was more reduced
in npq4, which may indicate a higher activity of cylic electron ﬂow. To
test this hypothesis, we investigated the light-dependency of the extent
of photo-oxidisable P700 in the two mutants and the wt. In contrast to
oePsbS, the maximum signal of P700+ formation could not be reached by
high actinic light intensities in wt and npq4, indicative of cyclic ﬂow.
Therefore, we postulate that an over-abundance of PsbS inhibits the for-
mation of a supercomplex-like state that is required for cyclic ﬂow. This
may be the reason why PSI of oePsbS plants suffered greater damage
under high light.2. Materials and methods
2.1. Material
Arabidopsis thaliana (ecotype Columbia) plants were grown for
6–8 weeks in soil under short day conditions (8 h continuous white light,
70-90 μmol quanta m−2 s−1, 21 °C/16 h dark, 18 °C). All chemicals were
bought from Sigma-Aldrich, St Louis, MO, USA.2.2. Extraction of intact chloroplasts from arabidopsis
Chloroplasts were extracted using an adapted method of [21]. The
extraction was conducted in a cold room under dim light and all
centrifugation steps were conducted in a ﬁxed angle rotor at 4 °C.
Brieﬂy, young fully expanded leaves from three plants were
homogenised using a blender (Waring, Torrington, CT, USA) for
10–12 s in the isolation buffer (0.33 M sorbitol, 60 mM KCl, 10 mM
EDTA, 1 mM MgCl2, 0.4 mM ascorbate, 50 mg BSA, 25 mM MES at
pH 8.0). After centrifugation for 2 min at 1150 g, the pellet was
re-suspended in the isolation buffer and centrifuged for 2 min at
736 g. The pellet was gently loaded onto a two-step 70/40% Percoll
gradient and centrifuged 15 min at 3200 g with the brake off. The
lower band containing intact chloroplasts was removed and
suspended in the measurement buffer (0.3 M sorbitol, 5 mM MgCl2,
20 mM KPO4 at pH 7.6) and centrifuged for 1 min at 1700 g to
remove the Percoll.2.3. Pigment analysis
Leaves were incubated for 72 h in 100% acetone and absorbance of
the pigments was measured in 80% acetone and quantiﬁed according
to [22].
2.4. Photoinhibition
Photoinhibition of PSII was carried out on detached leaves at
350 μmol quanta m−2 s−1 in a growth cabinet with controlled tem-
perature (21 °C). To block chloroplast-encoded protein synthesis,
detached leaves were vacuum-inﬁltrated with lincomycin (1 g l−1)
and ﬂoating on the linocmycin solution for 3 h in dim light. During
photoinhibition leaves were kept hydrated on wet ﬁlter paper.
Photoinhibition of PSI was conducted at 600 μmol quanta m−2 s−1 in
the absence of lincomycin. Electron transport activity of PSI was mea-
sured in thylakoid membranes (5 μg chl ml−1) isolated from 6 h
photoinhibited leaves by measuring O2 consumption in the presence
of 0.5 mM methylviologen, 10 μM DCMU 3-(3,4-dichlorophenyl)-1,
1-dimethylurea (DCMU), 10 mM NH4Cl, 30 μM dichloro-2, 6-
phenolindophenol (DCPIP) and 5 mM ascorbate.
2.5. Chlorophyll ﬂuorescence
Room temperature chlorophyll ﬂuorescence was measured on
attached leaves, except during photoinhibition, using a pulse-
amplitude modulation ﬂuorometer (DUAL-PAM, Walz, Effeltrich,
Germany). As actinic light, red light at 635 nmwas used. Themaximum
quantum yield of PSII was assayed by calculating the ratio of the vari-
able ﬂuorescence, Fv, to maximal ﬂuorescence, Fm, (Fv/Fm). ΦPSII was
assayed after 10 min of actinic light (600 μmol quanta m−2 s−1) as
(Fm′−Fm)/Fm′with Fm′ being themaximal ﬂuorescence in the actinic
light. Plantswere taken from the growth chamber and dark-adapted for
10–15 min prior to the measurement to allow most of the reversible
quenching to relax.
2.6. Thermoluminescence
Thermoluminescence was measured on leaf segments taken from
plants dark adapted for 15 min with a home-built apparatus. Ther-
moluminescence was excited with single turnover ﬂashes at 1 °C
spaced with a 1 s dark interval. Samples were heated at a rate of
20 °C/min to 70 °C, and the light emission was recorded. Graphical
and numerical data analyses were performed according to [23].
2.7. P700 measurements
The redox state of the P700wasmonitored by following changes in ab-
sorbance of 15 min dark-adapted leaves at 830 nm using a DUAL-PAM.
Prior to themeasurements, the plantswere kept in the light in the growth
chamber so that the enzymes of the Calvin–Benson cycle were activated.
To probe themaximumextent of P700 oxidation to P700+ leaveswere either
illuminated with far red light (190 μmol quanta m−2 s−1, highest light
intensity provided by the DUAL-PAM) or with a saturating white light
pulse (300 ms, 6000 μmol quanta m−2 s−1) on top of the actinic red
light.
2.8. Room temperature EPR measurements
Assays were carried out with intact chloroplasts at a concentration
of 10 μg of chl ml−1. Samples were illuminated for 1.5 min with red
light (RG 630) (500 μmol quanta m−2 s−1) in the presence of
100 mM of the spin probe 2,2,6,6-tetramethyl-4-piperidone hydro-
chloride (TEMPD) and 2 mM 3-phosphoglycerate in the measure-
ment buffer (pH 7.6). When indicated, 100 nM nigericin was added
as uncoupler.
Table 1
Characterisation of oePsbS and npq4 phenotypes grown at 70 μmol m−2 s−1 for
6 weeks. Whole rosettes were weighed, and the pigment contents were determined
spectrophotometrically after acetone extraction of the pigments from whole rosettes
from six plants of each genotype (n=6±SE). Chlorophyll ﬂuorescence parameters







Fv/Fm ΦPSII F0 % of
Fm
oePsbS 128±30a 1.08±0.16 0.27±0.05a 0.813±0.01 0.10±0.01a 17.7±0.3
wt 295±51b 1.01±0.09 0.18±0.01a 0.811±0.01 0.08±0.01b 17.4±0.2
npq4 236±30c 0.99±0.15 0.15±0.01b 0.810±0.00 0.05±0.01c 18.3±0.2
Different letters denote signiﬁcant difference at Pb0.05.
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quartz ﬂat cell using an ESP-300 X-band (9.73 GHz) spectrometer
(Bruker, Rheinstetten, Germany). The following parameters were
used: microwave frequency 9.73 GHz, modulation frequency 100 kHz,
modulation amplitude: 1 G, microwave power: 63 mW, receiver gain:
2×104, time constant: 40.96 ms; number of scans: 4.
2.9. Measurement of the proton gradient by 9-aminoacridine ﬂuorescence
The light-induced generation of a proton gradient was measured
according to [24] in chloroplasts (3 μg chl ml−1) in the presence of
7 μM 9-aminoacridine and 2 mM 3-phosphoglycerate in the last re‐
suspension buffer using the NADPH measuring head of the DUAL-
PAM. Red light was used for actinic light. When indicated, 100 nM
nigericin was added as uncoupler.
2.10. Statistics
Signiﬁcant differences were measured by one-way ANOVA using
the Tukey method of means comparison in Origin version 8.1.
3. Results
3.1. Susceptibility of photosystem II to photoinhibition in arabidopsis
leaves affected in the PsbS content
After six weeks growth in short day conditions (8 h light) at low
light intensities (70–90 μmol quanta m−2 s−1), the wt and npq4
plants were indistinguishable whilst the oePsbS plants had much
smaller leaves (Fig. 1). The rosettes of the oePsbS plants were much
lighter, whilst the weight of rosettes of npq4 plants was only slightly
lighter than that of wt plants (Table 1). The chlorophyll content per
fresh weight was not affected by the mutations. No difference be-
tween the three genotypes was observed in chlorophyll content
when normalised to the fresh weight. However, the carotenoid con-
tent was increased in oePsbS plants compared to wt and npq4 plants.
The quantum yield of PSII (ΦPSII) was smaller in npq4 than in oePsbS
and in wt after 10 min actinic light. In addition, in npq4, there was a
small increase in the F0 level when normalised to the Fm level. This
led to a slight decrease in the Fv/Fm in npq4 compared to the other
genotypes. When the plants were shifted after 6 weeks of short day
conditions to long day conditions (16 h light) there was still a
remarkable difference in the phenotypes with the ﬂowering spike of
the oePsbS plants being more stunted than the wt and npq4 plants
(not shown). These differences in the phenotype were only observed
when plants were grown under low light.
To understand the different behaviour of oePsbS plant compared to
npq4 and wt, we investigated the activity of the electron transport
chain by measuring chlorophyll ﬂuorescence, thermoluminescence, 1O2
production, the susceptibility of the different mutants to light and P700
oxidation in the three genotypes. First we compared chlorophyllwt npq
Fig. 1. Phenotypes of the Arabidopsis thaliana wild-type (wt), PsbS-deﬁcient (ﬂuorescence in continuous light (I=600 μmol quanta m−2 s−1) of wt,
npq4 and oePsbS (Fig. 2). As expected, the quenching of chlorophyll ﬂuo-
rescence was largely suppressed in npq4 whilst it was stimulated in
oePsbS compared to the wild‐type. Furthermore, the ﬂuorescence of
npq4 showed a transient increase to a higher level after the ﬁrst seconds
of actinic light, indicating a higher reduction state of the PQ pool in npq4
compared with wt and oePsbS.
It is expected that the loss of NPQ leads to over excitation of the
antenna system/reaction centre of PSII resulting in damage at higher
light intensities than needed for saturating the photosynthetic electron
transport. Accordingly, npq4 was more susceptible to photoinhibition
than wt or oePsbS when leaves were exposed to a 4-fold increase in
the intensity of the growth light, both in the presence and absence of
lincomycin (Fig. 3). In the absence of lincomycin, there was a small
but signiﬁcant (Pb0.05) difference between npq4 and oePsbS at 2 h of
high light exposure (Fig. 3A). In the presence of lincomycin, the overall
extent of photoinhibition was much larger and the difference between
the two mutants was much more pronounced, but there was no differ-
ence between wt and oePsbS (Fig. 3B). The variation in photoinhibition
could be explained by the differences in NPQ, whichmay alter yields of
1O2 production, but this has not been shown previously. Here, we used
the water-soluble spin probe TEMPD to follow the production of 1O2 in
isolated chloroplasts. The formation of 1O2 was signiﬁcantly higher in
npq4 than in wt and in oePsbS in the presence of a proton gradient
(Fig. 4A and Table 2). Moreover, the addition of nigericin stimulated
the production of 1O2 in wt and oePsbS, but not in npq4. These data
demonstrate that qE protects against 1O2 formation at moderate light
intensities. To rule out differences in down‐regulation of photosynthetic
electron transport by differences in the size of the proton gradient in
chloroplasts of the three different genotypes, we estimated the size of
the proton gradient by following the light-dependent quenching of
9-aminoacridine. As shown by the quenching of 9-aminoacridine
(Fig. 4B), chloroplasts from wt, npq4 and oePsbS built up a compa-
rable proton gradient in the presence of the electron acceptor
3-phosphogycerate (Fig. 4C). These data are in agreement with
data published recently for chloroplasts from npq4 and wt [9] and
shows that there are no differences in creating a proton gradient
for inducing NPQ between the strains.4 oepsbs 
npq4) and the PsbS over‐expressor (oePsbS) after 7 weeks grown on soil.
Fig. 2. Chlorophyll ﬂuorescence traces of A: wild-type, B: npq4 and C: oePsbS. Measure-
ments were performed at 660 μmol quanta m−2 s−1 on attached leaves. Plants had
been taken from the light and dark-adapted for 10 min prior to the measurements.
Fig. 3. Photoinhibition of PSII. Effect of high light treatment (white light,
350 μmol quanta m−2 s−1) on chlorophyll ﬂuorescence in leaves from wild-type
(ﬁlled squares), npq4 (open circles) and oePsbS (open triangles), A: in the absence or
B: in the presence of lincomycin. Signiﬁcant difference (Pb0.05) was observed
between npq4 and oePsbS after 2 h in the absence of lincomycin and after 0.5 h
between npq4 and oePsbS or wt in the presence of lincomycin (n=4±SE).
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leaves affected in the PsbS content
As shown in Fig. 2, leaves of npq4 exhibited a transient increase of
the chlorophyll ﬂuorescence during the ﬁrst seconds of exposure to
actinic light. This increase depended on the light intensity being
induced slower at lower light intensities (Fig. 5A), which most likely
reﬂects a difference in the reduction state in the PQ pool. In contrast
to npq4, oePsbS leaves showed a much higher level of chlorophyll
ﬂuorescence quenching at all light intensities, and the transient
increase in chlorophyll ﬂuorescence after switching on the actinic
light was absent (Fig. 5B). We performed thermoluminescence mea-
surements to probe the redox state of the plastoquinone pool in
dark-adapted leaves from wt, npq4 and oePsbS plants (for a general
review on thermoluminescence, see [25]). As shown in Fig. 6A, leaves
of npq4 plants showed a very different proﬁle of the luminescence
emission after three single turnover ﬂashes than the oePsbS mutant.
The thermoluminescence curve of npq4 could be ﬁtted by two
bands, the ﬁrst with a temperature maximum between 25 and
30 °C, characteristic of the B-band (S2/3QB− recombination, with S2/3
being oxidation states of the Mn cluster and QB being the secondary
quinone electron acceptor of PSII) [26], and the second band with a
temperature maximum at about 45 °C, the so-called afterglow band
(AG-band) [27]. The thermoluminescence curve of oePsbS could be
ﬁtted by just one major band, the B-band. The wt was in between,
with a smaller AG-band than seen in npq4 and a dominant B-band
(not shown). The intensity of the AG-band depends on the level ofPQH2 and it is the highest after the third excitation ﬂash [27]. The
intensity of the AG-band was highest in leaves from npq4, followed
by wt and lowest in leaves from oePsbS (Fig. 6B). The high intensity
of the AG-band in the npq4 mutant indicates that the PQ pool in the
dark is kept more reduced than in the other plants. The oscillation
pattern of the B-band showed no signiﬁcant differences between
the different plants (Fig. 6C), indicating that the forward electron
transport was not perturbed in the mutants.
A higher reduction of the PQ pool is likely to be related to a higher
activity of the NDH complex and an active cyclic electron ﬂow. In the fol-
lowing, we tested if the activity of cyclic electron ﬂow was stimulated in
npq4 compared to oePsbS. Fig. 7 shows absorption measurements of
leaves at 830 nm, which are indicative for the oxidation state of P700.
Themaximumsignal corresponding to the formationof P700+ wasobtained
with strong far red illumination. After switching off the far red light,
actinic light of a moderate intensity (260 μmol quanta m−2 s−1) was
switched on. After a steady state of the P700+ signal was reached, a saturat-
ing pulse was given to probe for cyclic electron ﬂow. In oePsbS, the same
total signal size was obtained with the saturating ﬂash as with the far red
illumination, showing the absence of cyclic ﬂow. In contrast, the saturat-
ing pulse did not lead to a complete oxidation of P700 in npq4 and wt,
indicating active cyclic electron ﬂow. In oePsbS oxidation of P700 by far
red light was faster than in npq4 and wt, further demonstrating the
absence of cyclic ﬂow (Supplementary material, Fig. 1). Furthermore,
the level of P700+ formed under actinic light was higher in oePsbS than in
npq4 and wt. Light saturation curves of P700+ formation (Fig. 8) showed a
signiﬁcant difference in the behaviour of npq4, wt and oePsbS at light
AB
C
Fig. 4. Generation of 1O2 and ΔpH in intact chloroplasts fromwild-type, npq4 and oePsbS.
As electron acceptor, 2 mM 3-phosphoglycerate was added prior to the measure-
ment. A: Production of 1O2 measured by TEMPD in the presence of a ΔpH or in the pres-
ence of nigericin. Samples were illuminated for 2 min with 500 μmol quanta m−2 s−1
red light, ﬁltered by RG 630. B: Typical quenching of 9-aminoacridine ﬂuorescence as ob-
served at 273 μmol quanta m−2 s−1 in the presence (grey) or absence (black) of
nigericin. C: Light dependency ofΔpH generation; wt (ﬁlled squares), npq4 (open circles)
and oePsbS (open triangles), calculated by the maximum 9-aminoacridine ﬂuorescence
quenching observed at various intensities of red actinic light and normalised to the
value at 531 μmol quanta m−2 s−1.
Table 2
1O2 production in intact chloroplasts isolated from wild-type, npq4 and oePsbS. Chloro-
plasts were illuminated for 2 min with red light (500 μmol quanta m−2 s−1) in the
presence of the spin probe TEMPD. 2 mM 3-phosphoglycerate was added as electron
acceptor. Samples were either measured in the presence of a ΔpH (coupled) or in the
presence of nigericin (uncoupled). The double integral of the total signal obtained
with each type of sample was normalised to the npq4 uncoupled signal, n=3 indepen-
dent experiments of different chloroplast preparations±SE. Different letters denote







wt 70±7b 95±3a 74
npq4 96±1a 100±2a 96
oePsbS 59±1b 90±3a 65
Fig. 5. Chlorophyll ﬂuorescence traces of leaves from A: npq4 and B: oePsbS at various
light intensities. Red actinic light intensity was 53 (red), 126 (green), 273 (blue), 531
(purple) and 1028 (black) μmol quanta m−2 s−1. Plants were taken from the light
and dark-adapted for 10 min prior to the measurements.
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to be active in npq4 and wt. It is reported in the literature that cyclic ﬂow
protects PSI against photoinhibition [11,28], therefore the effect of high
light treatment of leaves on the extent of the signal of photo-oxidisable
P700 was investigated. As shown in Fig. 9, PSI of oePsbS was indeedmore susceptible to photoinhibition compared to npq4. The extent of
photo-oxidisable PSI by far red light was smaller in oePsbS than in
npq4 after the high light treatment at 600 μmol quanta m−2 s−1. The
loss of PSI activity in oePsbS was also seen when PSI electron transport
activity was measured in thylakoid membranes isolated from 6 h
photoinhibited leaves, dropping to 65% of its original activity in oePsbS,
whilst less than 5% loss of activity was observed inwt and npq4. The PSI
activity prior to the photoinhibitory treatment was 200, 220 and
190 μmol O2 mg Chl−1 h−1 for wt, oePsbS and npq4, respectively
(data not shown). In comparison with PSII photoinhibition (Fig. 3), a
much longer illumination time and almost double of the light intensity
were applied to observe a decrease in the P700+ signal.
A1
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Fig. 6. Thermoluminescence measurements of dark-adapted leaves. A: Thermolumi-
nescence (TL) curves from npq4 (curve 1, circles) and oePsbS (curve 2, triangles)
after three single turnover ﬂashes. B: ratio of afterglow (AG) band to B-band, different
letters denote signiﬁcant difference (Pb0.068), n=4±SE. The intensity of the bands
was determined from leaves which were excited with three single turnover ﬂashes.
C: Flash dependency of the B-band.
Fig. 7. PSI oxidation probed by a saturating ﬂash. Dark-adapted leaves from wild-type,
npq4 and oePsbS were illuminated with far red light (FR), as indicated by the black ar-
rows, to obtain the maximum signal corresponding to P700+ formation. Then they were
illuminated with red actinic light (AL, I=260 μmol quanta m−2 s−1), as indicated by
the grey arrows. After reaching the steady state, a saturating strong white light pulse
(SP, light grey dashed arrow) was given to probe for the maximum signal during actin-
ic light. Arrows pointing up and down show an illumination event starting and
ﬁnishing, respectively.
Fig. 8. Dependence of PSI oxidation on the intensity of actinic light. Leaves from wt
(ﬁlled squares), npq4 (open circles) and oePsbS (open triangles) were illuminated at
100 μmol quanta m−2 s−1 for at least 1 h and then dark-adapted for 15 min prior to
the measurements. Leaves were ﬁrst illuminated with far red light (FR) to obtain the
maximum signal corresponding to P700+ formation (n=4–6±SE).
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When plants were grown in short day at low light intensities,
over‐expression of PsbS led to reduced growth (Fig. 1). It was not
expected that qE is switched on at light intensities below saturation
of photosynthetic electron ﬂow. However, enhanced quenching was
observed in the oePsbS mutant even at low actinic light (Fig. 5). No
signiﬁcant difference in the 9-aminoacridine quenching was observed
in the three genotypes (Fig. 4C) indicating that the formation of the
ΔpH was unaffected by the mutations. It has been demonstrated pre-
viously that in the absence of psbS the same extent of qE is reached at
lower pH values in the lumen [9]. In wild-type plants, the amount of
PsbS is adjusted to the intensity of the growth light and it is lowered
when plants are grown under low light compared to high light [29] sothat dissipation of energy in the antenna does not limit photosynthe-
sis. Thus, in our low light growth conditions an over-expression of
PsbS led to a reduction in photosynthesis because the pH threshold
that induced qE was lowered and not because of a difference in ΔpH.
Either an absence or an over-expression of PsbS led to more
photoinhibition than suffered by wt. In the case of npq4 PSII was
more affected whilst in the case of oePsbS PSI was more damaged
(Figs. 3, 9). In the presence of a ΔpH isolated chloroplasts from npq4
Fig. 9. Photoinhibition of PSI. Leaves from the npq4 and oePsbS were illuminated at
600 μmol quanta m−2 s−1 for the times given. After the photoinhibitory treatment,
leaves were dark-adapted for 10 min and then illuminated with far red light (FR) to
obtain the maximum signal corresponding to P700+ formation. Signiﬁcant difference
was observed after 8 h of illumination (Pb0.064), n=4–6±SE.
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higher amount of 1O2 production coincided with more photodamage
of PSII, both in the absence and presence of lincomycin (Fig. 3). This
demonstrates that 1O2 not only inhibits the repair process [19] but
also directly damages PSII independent of the repair of damaged
PSII. It has been previously demonstrated that a higher yield of 1O2
production damages PSII directly under conditions where the repair
of PSII does not play a role, i.e. in isolated PSII [30], or in leaves
when PSII repair was inhibited by lincomycin [31]. In the previous
studies, 1O2 was generated either by PSII herbicides [30] or chemical-
ly by Rose Bengal, respectively [31]. In the present study, the lack of
qE in the npq4 mutant is exploited to demonstrate that 1O2 triggers
PSII photodamage. Another marker of 1O2 production is the oxidation
of β-carotene inside the reaction centre. Recently it has been reported
that β-carotene is more oxidised in arabidopsis npq4 than in wt fol-
lowing light stress, conﬁrming NPQ protects against reaction centre
damage by 1O2 [32]. Interestingly, a higher light intensity (7-fold
the intensity of the growth light rather than 4-fold as used in the
experiment shown in Fig. 3) led to no difference between the three
genotypes (data not shown), in accordance with [15]. At high light
intensities many different mechanisms of photoinhibition come into
play, which differ in their sequence of events and the site of primary
damage. One speciﬁc mechanism of photoinhibition acting at moder-
ate light intensities may be overrun by other more destructive path-
ways at higher light intensities. At such high light intensities the
overall damage of PSII via different processes may not allow a single
conclusion to be drawn of the underlying mechanism [20]. The
10-fold growth light intensity used by Takahashi and coworkers
[15] in their photoinhibition experiments may have created such in-
tense photoinhibitory conditions that subtle differences in the yield
of 1O2 generation no longer made a difference.
Opposite to npq4, the oePsbS mutant was more susceptible to
photodamage of PSI (Fig. 9), which could be related to the level of
cyclic electron ﬂow. As shown by the intensity of the AG-band in ther-
moluminescence, which can be used as a redox indicator of the PQ
pool [25], the reduction state of the PQ pool was the lowest in oePsbS,
followed by the wt and highest in npq4 (Fig. 6B). In agreement with
these data, a higher reduction state of the PQ pool in the light has
been recently shown by HPLC in npq4 in comparison to the wt [33].
In the light, the PQ pool can be further reduced by cyclic electron
ﬂow via a FNR/b6f complex/PSI supercomplex or via the NDH complex.
As our thermoluminescence measurements were on dark-adapted
leaves, we explain the differences in the reduction state of the PQ pool
by differences in cyclic electron ﬂow modulated by the NDH complex.Either the activity or abundance of the NDH complex is higher in npq4
andwt than in oePsbS or, rather unlikely, the NAD(P)H levels are differ-
ent. In addition to a higher intensity of the AG-band, we observed a
decrease in the content of red light photo-oxidisable P700 in wt and
npq4 (Figs. 7, 8), which can also be attributed to differences in cyclic
electron ﬂow. Alternatively, the limitation of photo-oxidisable P700
could be explained by a higher yield of charge recombination reactions
within PSI. However, we favour cyclic electron ﬂow as an explanation
because of the differences observed in the reduction state of the PQ
pool related to the level of PsbS. It has been reported in the literature
that cyclic electron ﬂow protects against photoinhibition of PSI
[1,11,14,15,28]. Cyclic electron ﬂow could protect PSI by keeping the
acceptor side of PSI oxidised. Therefore, we conclude that the amount
of PsbS is not only a key in facilitating the induction of qE, but is also a
regulator of cyclic electron ﬂow, essential in the protection of PSI.
It has been shown that the PsbS content affects the structural
organisation of the grana stacks of the thylakoid membrane [34]. The
wt and npq4 show a crystalline orientation of PSII supercomplexes
that is completely lacking in oePsbS. Kereiche and coworkers [34]
proposed that PsbS controls the macro-organisation of the grana
membrane. PsbS was not only found in LHCII-PSII supercomplexes
but was also found to be associated with PSI [35], similar to the asso-
ciation observed of LHCSR3, the PsbS equivalent of green algae, and
PSI (G. Finazzi, personal comm.). Goral and coworkers [36] published
freeze-fracture electron micrographs from isolated chloroplasts
from wt, npq4 and oePsbS in the light-adapted state, which seem to
us to indicate that the organisation of photosynthetic complexes is
more compact in the stroma lamellae of wt and npq4 than in oePsbS.
In analogy to the supercomplex found in state 2 in Chlamydomonas
[13], we postulate that a tight coupling between cytochrome b6f
complex and PSI is also required in higher plants for cyclic electron
ﬂow to operate, which may be controlled by PsbS. Therefore, too
high a concentration of PsbS would not only destabilise the crystal-
line domains in the grana membranes, but could also prevent cyclic
electron ﬂow.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbabio.2012.09.011.
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